Hypoparathyroidism is characterized by hypocalcemia, hyperphosphatemia, and absent or markedly reduced circulating concentrations of parathyroid hormone. The transcription factor GCMB is predominantly, if not exclusively, expressed in parathyroid cells and is critical for development of the parathyroid glands in mice. Thus, in the present study we examined the GCMB gene, mapped to 6p23-24, as a candidate for isolated hypoparathyroidism. We defined the boundaries of the five exons of the human GCMB gene and then identified a large intragenic mutation in the GCMB genes of the proband of an extensive kindred with isolated hypoparathyroidism. Her parents and several other unaffected relatives were heterozygous for the mutation. Despite an absence of any history of consanguinity, microsatellite analysis showed shared genotypes that flanked the GCMB gene over a span of 5 cM, suggesting that both of the proband's GCMB alleles had been derived from a single common ancestor. Analysis of additional, unrelated cases did not disclose the same mutation. We conclude that homozygous loss of function of the GCMB gene impairs normal parathyroid gland embryology and is responsible for isolated hypoparathyroidism in a subset of patients with this disease.
was brought to medical attention because of generalized seizures. Evaluation revealed a serum calcium concentration of 5.1 mg/dl and a serum phosphorus concentration of 9.8 mg/dl. The serum concentration of magnesium was 1.6 mg/dl, the serum concentration of 25-hydroxyvitamin D was 7 ng/ml (normal range , and the serum concentration of 1,25-dihydroxyvitamin D was 34 pg/ml (normal range ). The serum concentration of intact PTH (Nichols Intact PTH immunometric assay) was undetectable. FISH analysis for DGS did not reveal a diagnostic deletion on chromosome 22 and high-resolution karyotype analysis using the standard trypsin-Wright G-banding (GTW) method revealed a normal complement of chromosomes (46 XX) without macro deletions or translocations. The diagnosis was idiopathic hypoparathyroidism, presumably congenital, and the infant was treated with calcitriol plus supplemental calcium.
The infant experienced no further seizures after treatment of hypocalcemia, and she has reached all cognitive and developmental milestones appropriately. Serum concentration of intact PTH at 8 months of age was below the detectable limit with corresponding serum calcium concentrations of 7.0 and 8.0 mg/dl. At 19 months of age the serum concentration of intact PTH was 10 pg/ml (normal range 10-65) with a corresponding serum calcium concentration of 9.6 mg/dl. Her physical examination is normal, and her growth has been parallel, but below, the second percentile for age and is consistent with a predicted adult height that reflects her parents' short stature (father's height 149.9 cm and mother's height 157.5 cm). Her weight has remained along the fifth percentile, and her head circumference has continued along the 75th percentile.
The proband's 6-year-old brother (Subject IV-1), 30-year-old mother (Subject III-2), and 31-year-old father (Subject III-1) have normal serum concentrations of calcium and intact PTH. A 22-year-old paternal uncle (Subject III-9) developed seizures at 2 months of age and is presumed to have hypoparathyroidism. He is institutionalized in a chronic care facility and cannot walk, talk, or attend to his daily needs. A 24-year-old female cousin (Subject III-1) was given a diagnosis of idiopathic hypoparathyroidism at 2 weeks of age when she experienced seizures and was found to have a serum calcium concentration of 5.8 mg/dl. The serum phosphorus concentration was 12.2 mg/dl, and serum magnesium concentration was 1.3 mg/dl. The serum concentration of immunoreactive PTH was 55 µl Eq/ml (normal range 25-90) when measured in an assay that is primarily reactive with midmolecule-carboxyl terminal PTH fragments with a corresponding serum calcium concentration of 6.6 mg/dl. She is treated with vitamin D and calcium and currently attends college.
The proband's father and all paternal relatives are from Jalisco, Mexico, whereas the mother and her family are from northern Guatemala. There is no indication of parental consanguinity. The Joint Committee on Clinical Investigation of The Johns Hopkins University School of Medicine approved the study protocol, and written informed consent was obtained from all subjects or their parents.
DNA analysis. DNA was extracted from peripheralblood leukocytes by standard methods (24) . Based on analysis of published sequences for the complete complementary and partial genomic DNAs for rodent
Figure 1
Pedigree of family described in text. The figure above shows the pedigree of the family, with the proband indicated by the arrow. Squares denote male family members, circles female family members, and solid symbols subjects with symptomatic hypocalcemia. Markers under each symbol indicate the genotype for the GCMB gene allele; WT denotes wild-type allele; M denotes ∆GCMB allele. NT, not tested. Gcm2 (25) (26) (27) and human GCMB (6p23-24) (21, 23, 28) (plus GenBank accession number 8979543), we devised a series of oligonucleotide primers that enabled us to ascertain the exon-intron organization of the human gene by PCR. To analyze the GCMB gene for mutations, ten oligonucleotide primers were designed to amplify and sequence the five exons plus the exon-intron junctions from genomic DNA ( Table 1 ). The PCR was performed with 2.5 mM magnesium chloride, 0.2 mM deoxynucleoside triphosphates, 0.5 µM of each primer, and 1 unit of Taq polymerase (Amplitaq; Perkin-Elmer Applied Biosystems, Foster City, California, USA) with the manufacturer's buffer; information on the primers and PCR conditions is presented in Table 1 . Amplified DNA was analyzed first by polyacrylamide gel electrophoresis to assess the size of the amplicons. Fragments were excised from gels and directly sequenced by the dideoxy chain termination method using the AmpliTaq Cycle Sequencing Kit (Perkin Elmer, Branchberg, New Jersey, USA).
For restriction endonuclease analysis, 10-µg aliquots of genomic DNA were digested with EcoRI (New England Biolabs Inc., Beverly, Massachusetts, USA) according to the manufacturer's recommendations. Products were separated on 1% agarose gels (SeaKem; FMC Corp., Rockland, Maine, USA), transferred to nylon membranes, and hybridized to radiolabeled GCMB genomic probes by techniques described previously (29) .
Microsatellite marker analysis. Simple sequence repeat polymorphisms were analyzed using markers D6S289 and D6S422 (from the Perkin-Elmer Applied Biosystems mapping set), D6S1006 (from Weber v.6 mapping set), and D6S470, D6S1721, and D6S1653 (from the map of chromosome 6 at http://cedar.genetics.soton. ac.uk/pub/chrom6/map) with GCTTCT added to the 5′ end of each reverse primer to help eliminate problems associated with dinucleotide repeats. For D6S470, D6S1721, D6S1653, three distinct alleles were resolved in the proband, parents, and three normal controls. For D6S1006, three alleles were observed and for D6S289 four alleles were observed.
Results
To analyze the GCMB gene for possible mutations, we first determined the intron-exon organization of the gene. The gene spans approximately 15 kb and comprises 5 exons based on a comparison with the human cDNA sequence (21, 23) (Figure 2 ). By comparison, the murine Gcm2 gene consists of only four exons (22, 25) . The transcription start site and the translational-initiator codon are present in exon 1, and the termination codon is present in exon 5. The open reading frame of the gene agrees with that of the GCMB cDNA sequence and encodes a predicted peptide of 506 amino acids.
In our preliminary analyses, we used oligonucleotide primers corresponding to exons 1 and 2 of the GCMB gene to amplify genomic DNA from the propositus and three other patients with isolated hypoparathyroidism ( Figure 3 ). Figure 3 shows that products of the expected sizes (and appropriate sequences) were generated for patients 1, 3, and 4, but no specific product was generated for patient 2 (the propositus, subject IV-2 in Figure 1 ). By contrast, PCR of genomic DNA from the parents of subject 2 resulted in normal products for both exon 1 and 2 (not shown). PCR analysis of exons 3 through 5 of the GCMB gene showed amplification of normal products for both of the parents, but only an exon 5 product for the proband (Figure 4 ), suggesting that exons 1-4 were deleted. To exclude the possibility that contaminating substances were inhibiting amplification of exons 1 through 4 we performed mixing experiments in which PCR was performed on samples containing equal amounts of genomic DNA from the proband and a normal control subject. PCR of these hybrid samples resulted in successful amplification of fragments corresponding to exons 1-4 (data not shown). Moreover, PCR of genomic DNA from the proband resulted in successful amplification of multiple exons from other complex genes (e.g., GNAS1 and PTH), providing further evidence that a large, homozygous deletion of a portion of the 
Figure 3
Amplification of exons 1 and 2 by PCR. Genomic DNA from four unrelated subjects with familial isolated hypoparathyroidism was amplified using oligonucleotide primers flanking exon 1 (left panel) or exon 2 (right panel); the proband shown in Figure 1 corresponds to subject 2. The positions of molecular-weight markers are indicated on the left. DNA from subjects 1, 3, and 4 showed amplification of appropriate-sized fragments, whereas DNA from subject 2 failed to amplify a fragment corresponding to either exon 1 or exon 2.
GCMB gene (∆GCMB), and not artifact, accounted for the inability to amplify exons 1 through 4 of GCMB.
To verify the deletion, we performed restriction endonuclease analysis of genomic DNA from the proband, her parents, and normal control subjects. Hybridization of a radiolabeled probe corresponding to exon 3 of GCMB to genomic DNA that had been digested with EcoRI revealed a single predicted band of approximately 10-11 kb in normal subjects and the propositus' parents but not in the propositus ( Figure 5 , left panel), confirming homozygous deletion of this portion of the gene (Figure 2 ). To further refine the ∆GCMB allele, we hybridized a radiolabeled DNA probe spanning exons 3 to 5 to equivalent amounts of EcoRI-digested DNA from these individuals. DNA from the normal subjects revealed two hybridizing fragments of expected sizes (11.5 kb and 4.6 kb spanning exons 1-4 and exon 5, respectively; Figure 2 ) that were also present but at reduced (∼50%) signal intensity in DNA from the propositus' parents ( Figure 5, right panel) . By contrast, DNA from the proband hybridized with only a single fragment of abnormal size (∼8.0 kb), which was also present at reduced signal intensity in her two parents ( Figure  5 , right panel). These results indicated that the proband was homozygous for a partial deletion of the GCMB gene that includes the EcoRI site present at the exon 4-intron 4 boundary. To delineate the deletion more precisely, we designed a series of sense oligonucleotide primers that hybridized to sequences in the 5′ region of the GCMB gene and tested the ability of each to amplify genomic DNA from the proband using an antisense primer located in intron 4. These experiments demonstrated that that the 5′ boundary of the deletion is located 1901 bp upstream from the initiator codon, and the 3′ boundary is located at the exon 4-intron 4 border, with loss of the EcoRI site. The calculated size of the deletion is 7,792 bp, which agrees well with the size (approximately 8 kb) predicted from the results of the restriction endonuclease analyses ( Figure 5 ). In addition, our analyses indicated that each parent was heterozygous for the same gene deletion. Similar molecular analyses of ten additional, unrelated patients with isolated hypoparathyroidism failed to disclose an analogous mutation.
We performed a molecular analysis of the GCMB gene in all available relatives of the propositus by EcoRI restriction analysis of genomic DNA (Figure 1) . In addition to her two parents, the propositus' paternal grandfather was also heterozygous for the ∆GCMB allele. By contrast, her unaffected brother was homozygous for the wild-type GCMB allele. Three of her father's six unaffected sibs were also heterozygous for the mutation. Regrettably, neither of the other two affected subjects, III-1 and III-9, agreed to participate in these studies.
Given the rarity of familial isolated hypoparathyroidism, an extended haplotype analysis using closely linked microsatellite markers was performed in the parents and proband (Table 2 and Figure 6 ), with genotype analyses performed for marker D6S470 on the proband's paternal grandparents in order to establish phase assignments unambiguously. This analysis showed shared genotypes that flanked the GCMB gene over a span of 5 cM. Based on this limited data set, we believe that it is exceedingly unlikely that this mutation would have arisen independently twice on the same genetic background. Accordingly, a founder affect, with homozygosity by descent of the chromosomal segment containing the GCMB deletion, is the most probable explanation for our results (30) (Figure 6 ). This model is consistent with the observation of a rare allele occur-
Figure 4
Amplification of exons 3, 4, and 5 by PCR. Genomic DNA from the proband (Pt), her father (F) and mother (M), and two unrelated normal subjects (NL) was amplified using oligonucleotide primers flanking exon 3 (upper panel), exon 4 (middle panel), or exon 5 (bottom panel). Arrows indicate the position of the appropriately sized amplified product. DNA from the proband (Pt) failed to amplify fragments corresponding to exons 3 and 4 but did yield an appropriate PCR product corresponding to exon 5. Genomic DNA from the parents and two normal subjects yielded appropriate-sized PCR products for all three exons.
Figure 5
Southern blot analysis of GCMB gene. Genomic DNA from the proband (Pt), her father (F) and mother (M), and two unrelated normal subjects (NL) was digested using EcoRI and hybridized to a radiolabeled genomic DNA corresponding to either exon 3 (left) or exons 3-5 (right). The positions of molecular-weight markers are indicated. Genomic DNA from the proband (Pt) failed to hybridize to the exon 3 probe, and a unique 8.4-kb EcoRI fragment hybridized to the exon 3-5 probe. The proband's parents showed hybridization of the exon 3-5 probe with two restriction fragments of expected size and with the abnormal 8.4-kb fragment, all with reduced signal intensity (see text).
ring in the homozygous state and suggests that both of the proband's ∆GCMB alleles are likely to have been derived from a single common ancestor.
Discussion
We have identified mutation of the GCMB gene as a novel mechanism for isolated hypoparathyroidism. The genetic defects responsible for most cases of isolated hypoparathyroidism remain largely unknown. Two loci associated with monogenic early-onset forms of this disease have been identified, but in each case the molecular defect impairs synthesis (i.e., PTH gene defects) or secretion (i.e., CASR gene defects) of PTH rather than development of the parathyroid glands (15) (16) (17) (18) (19) . Although candidate genes have recently been identified that account for parathyroid hypoplasia in patients with DGS (31, 32) or HDR (13), the expression of these genes in diverse tissues during embryogenesis suggests a more complex role in vertebrate development. By contrast, the GCMB gene is a likely a specific regulator of parathyroid gland development, as it is predominantly, if not exclusively, expressed in parathyroid cells, and Gcm2-deficient mice lack parathyroid tissue (22) . Our data extend this role to humans and show that loss of GCMB is sufficient to produce the characteristic clinical and biochemical findings of severe early-onset hypoparathyroidism and that heterozygous mutation of the GCMB gene is associated with an asymptomatic carrier state. As expected for a rare mutation occurring in the homozygous state, both of the proband's ∆GCMB alleles appear to have been derived from a single common ancestor. Despite the absence of a history of consanguinity, the restricted geographic area in which members of the extended family live and the lack of an obvious heterozygous phenotype likely account for the propagation of this allele and the occurrence of hypoparathyroidism in multiple members of this kindred.
The vertebrate glial cells missing (GCM) transcription factors are a small family of unique proteins that are orthologues of the gcm gene originally identified in Drosophila melanogaster (33) . In the fly, the gcm gene is specifically and transiently expressed in the glial lineage and promotes choice between glial versus neuronal fate in a multipotential neural stem cell. Loss of function mutations in the gcm gene result in conversion of presumptive glial cells into neurons (33) . Based on its nuclear localization and sequence-specific DNA-binding activity, GCM has been proposed to be a transcriptional activator of glial-specific genes. Two mammalian GCM homologues have been identified, encoded by the GCMA and GCMB genes. Both genes encode peptides of 504-506 amino acids and contain a number of motifs that are signatures of the GCM family of nuclear transcription factors, including an evolutionarily conserved DNA-binding domain in the amino-terminal region, a nuclear localization signal, and several potential PEST sequences, which are typical of proteins displaying a rapid turnover (20, 23, 25, 26, 33) . Despite the significant homology of the GCMA and GCMB proteins to their Drosophila orthologue, the unique expression patterns of these two mammalian genes suggest that the roles of these proteins have evolved and diverged significantly from those in the fly. Although GCMB is detectable at low levels in embryonic neural tissues and kidney (21, 23, 25) , transcripts for both GCMA and GCMB are found primarily in non-neural tissues. Whereas GCMA is most highly expressed in the placenta (25, 26) , where it plays a critical role in trophoblast differentiation (34) , the GCMB gene is expressed predominantly, if not exclusively, in the PTH-secreting cells of the developing and mature parathyroid gland (25) .
Recently, parathyroid agenesis was demonstrated in Gcm2-deficient mice that were generated by targeted deletion of the Gcm2 gene (22) . Similar to the patient we describe in this report, Gcm2-deficient mice develop severe hypocalcemia and hyperphosphatemia shortly after birth. Serum levels of intact PTH were marked reduced or undetectable in our patient and her affected cousin, III-1, but circulating PTH in Gcm2-deficient mice was unexpectedly normal (although inappropriately low relative to the hypocalcemia) and shown to Figure 6 Haplotype analysis of the GCMB locus. The figure above shows the haplotypes for the GCMB locus obtained using microsatellite polymorphisms. The proband is denoted by the solid circle, and her heterozygous father and mother are indicted by the half-filled square and circle, respectively. This figure demonstrates that the two parental mutant alleles (∆GCMB) have identical haplotypes for a series of markers that span over 5 cM of genomic DNA on chromosome 6p23-24. arise from the thymus, which shares a common embryological origin with the parathyroids (22) . This discrepancy might reflect differences in the performance characteristics of the PTH assays used in these studies or could indicate that the thymus plays a less important role as an auxiliary source of PTH in humans than in mice, which have only two parathyroid glands. Although we cannot exclude the possibility that the low levels of PTH in the serum of the patients we describe here derive from residual parathyroid tissue, it is tempting to speculate that the human thymus does contain PTH-secreting cells. In that case, the measurable levels of circulating PTH detected in subjects III-1 and IV-2 might indicate that the thymus can provide an auxiliary source of PTH in humans as well as mice. Moreover, it would also suggest that the occurrence of parathyroid rests or adenomas in patients with hyperparathyroidism (35-37) may not always represent ectopic migration of an errant parathyroid gland (38) . In summary, we describe a syndrome of autosomal recessive isolated hypoparathyroidism due to absence of the GCMB transcription factor. Loss of the GCMB gene appears to cause a highly specific embryological defect that is limited to parathyroid cells. The restricted phenotype of this syndrome confirms that GCMB controls differentiation of cells in the third and fourth branchial pouches into parathyroid glands and indicates that further study of GCMB and its regulated genes will help to elucidate the embryological pathways for parathyroid development.
